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Abstract This article reviews research activities at the system level on (i) energy
harvesting with wearable devices from the human body and (ii) powering up
implant devices. The first part reviews wearable devices to harvest energy from the
human body for biomedical and portable devices. Harvestable human body energy
sources can be classified into two categories, voluntary and involuntary. Voluntary
sources are capable of providing high power levels, up to several watts, but are
only available when the wearer is active. Involuntary sources are constantly avail-
able, but provide much smaller amounts of energy, of the order of milliwatts. The
latter part of the article reviews research activities to power up devices implanted
in the human body. There are two approaches to power up implant devices. The
first approach is to harvest energy from the body or ambient sources. The energy
sources are essentially limited to kinetic energy of the body, body heat, and solar.
The second approach is to transmit power to implant devices wirelessly. The
power level available to implanted devices through harvesting or power transmis-
sion is small, often of the order of microwatts.
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1 Introduction

Technological advances in low-power electronics have increased the feasibility of
powering them from ambient energy sources including solar, thermal, kinetic, and
RF. Energy harvested from these sources can be used to charge or replace batter-
ies in portable devices. A human body is a bountiful source of energy, which can
be harvested to power biomedical devices such as body sensor networks, implants,
and even long-range wireless sensor nodes. Harvesting body energy increases the
operational life of medical devices or enables perpetual machines without the need
for battery replacement or recharging.

A human body releases harvestable energy through two different mechanisms:
heat and motion. Some body energy, such as motion from breathing and body
heat, is released continuously, regardless of the person’s intention. This kind of
energy source, called involuntary, does not require a conscious action. In contrast,
voluntary sources, such as walking, jumping, or other spontaneous activities, can
generate a much larger amount of energy than involuntary sources, but depend on
the human to intentionally provide the energy.

The first part of this article reviews recent research activities in the area of
wearable human energy harvesters, which can be applicable to biomedical circuits.
All of these devices harness the energy from body heat, voluntary, or involuntary
motion. A wide variety of transducers including thermoelectric generators, elec-
tromagnetic generators, electrostatic generators, and piezoelectric transducers are
considered to harness the energy.

Implantable electronic devices enable us to monitor the human body in real
time, and their applications on the human body are expected to expand rapidly as
illustrated in Fig. 1 [1]. Several key challenges must be addressed to realize these
scenarios: implantable devices should be minimally invasive, completely biocom-
patible, and with low thermal dissipation and power autonomy. In particular, the
power autonomy is critical, since replacement of batteries for implant devices is
costly and may involve surgery. The capacity of batteries has increased continu-
ously, but fails to meet the power requirement of most implant devices. Also, size
constraints of implant devices may limit the use of batteries.

There are two promising approaches for the power autonomy of implant
devices. The first approach is to harvest power from the human body or ambient
sources, and the other is to transmit power wirelessly from external sources to
implant devices. Harvestable energy sources for the first approach include knee,
body, and head movement, heart, artery, muscle, body heat, glucose fuel cell, and
solar. Wireless power transmission to implant devices can be accomplished by var-
ious means including inductive link, RF transmission, infrared, and ultrasonic.

Both fields, energy harvesting from human body and powering up implant
devices, are rapidly growing owing to advancements in transducers, integrated
circuit technology, and energy storage devices. Various energy sources and power
transmission methods pose distinct technical challenges at various levels such as
transducer, circuit, and system. Intensive research will address these problems, but
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Fig. 1 Diversity of implantable device applications [1]. (Reproduced with permission from
Springer)

it is still in an early stage. It is expected that the research in this area will be inten-
sified in the next decade.

This chapter reviews the major recent research activities on the two topics:
energy harvesting with wearable devices from the human body and powering up
implant devices at the system level. The chapter is organized as follows: Sect. 2
describes energy harvesting from voluntary sources with wearable devices fol-
lowed by involuntary ones. It is organized by the type of energy sources.
Section 3 covers energy harvesting from the human body with implant devices,
and it is also organized by the type of energy sources. Section 4 describes wire-
less power transmission to implant devices. Section 5 summarizes the chapter.

2 Wearable Devices

Voluntary human motion includes any intentional movement such as walking or
moving an arm. This energy is available typically in large quantities, but not con-
tinuously. A major goal of energy harvesting from voluntary motion is to incur
minimal impact on the wearer, which leads to harvesting only a small portion of
the available energy. In many instances, research focuses on harvesting energy
without incurring any additional metabolic cost. This section covers energy
harvesting from the foot, knee, torso, and arm.
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2.1 Foot

Foot-mounted kinetic energy harvesters can harvest from heel strikes, sole com-
pression and, foot forward motion. Of these three, heel strikes generate the largest
amount of energy. For a typical person walking two steps per second and a heel
displacement of 5 cm, 70 W is expended [2]. The rubber soles of shoes absorb and
dissipate mechanical energy as heat, while elastically returning some portion of
the energy to walking or running.

2.1.1 Heel-Strike Generators

An electromagnetic heel-strike harvester uses a rack and pinion to convert the
almost-linear motion of a heel into high-speed rotational motion [2]. The rota-
tional motion spins an electromagnetic generator, which converts mechanical
energy into electrical energy. The electromagnetic heel-strike harvester generates
1.8 W from a person walking two steps per second. The power management cir-
cuit consists of a DC converter supplying power through a full-wave rectifier to
charge a 0.2 F capacitor. A 13 2 load resistor and a cell phone are in parallel with
the capacitor for their experiments. The cell phone extracts usable energy from the
capacitor. The resistor dissipates energy in an attempt to reduce voltage ripple.

The PZT (lead zirconate titanate) dimorph device in Fig. 2 shows a heel-strike
harvester installed inside the sole of a shoe [3]. The device is made of a PZT
dimorph and a metal mid-plate. Though it is feasible to harvest several watts from
walking, harvesting the level of energy would severely hamper the feel of a normal
shoe. Shenck et al. harvested 8.4 mW from a heel-strike piezoelectric generator in
a Navy work boot [3-5]. The generator was imperceptible to the wearer, but suf-
ficient to power a radio identification transmitter.

Fig. 2 Piezoelectric material
placement inside a shoe [3].
(Reproduced with permission
from IEEE)
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2.1.2 Sole Compression/Decompression Generators

Piezoelectric materials generate electricity under mechanical strain. There are two
different approaches to use piezoelectric materials in shoes for energy harvest-
ing. The first approach replaces most or all of the heel rubber with a piezoelectric
structure that has similar elasticity to the original rubber [3-5]. This causes a slight
change in the “feel” of the shoe when walking. The second approach uses a flat
sheet of piezoelectric material inside the shoes under the foot that compresses and
decompresses every step [3, 5]. One example of this approach is use of a flexible
polyvinylidene fluoride (PVDF) stave as shown in Fig. 2. The mechanical design
is simple, and it offers potential for large energy harvesting. The shoe-sole piezo-
electric harvester demonstrated produces an average of 1.3 mW [3, 5].

2.1.3 Foot Motion Generators

Research groups investigated the use of linear electromagnetic generators in shoes
to harvest energy from the forward acceleration of a foot. The harvester proposed
by Zeng et al. is shown in Fig. 3. It consists of stationary coils and a movable
permanent magnet plate to induce current [6]. They used a boost converter with
maximum power point tracking (MPPT) to charge a supercapacitor, while a cas-
caded buck converter charges a lithium ion battery. Their devices achieve an
energy density of 8.5 mW/cm? [6]. In contrast, Stamenkovic et al. use a movable
plate of coils and stationary permanent magnets and, simulation results show that
it achieves the energy density of 5.379 mW/cm? [7].

2.2 Knee

A human knee is capable of generating a large amount of energy. However, energy
harvesting from a knee should not increase the person’s metabolic cost, which
incurs strain on the body and requires additional food intake. Both of them would
be detrimental to the wearer’s comfort and health.

Fig. 3 Cross-sectional view
of a shoe-mounted linear

electromagnetic generator |_|
[6]. (Reproduced with ® | @ [ | ® |
permission from IEEE)
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Donelan et al. focused on helping the knee decelerate without inhibiting accel-
eration [8]. Gears embedded in the electromagnetic generator increase rotational
speed of the generator by several times, so that it produces a higher voltage to
increase the system efficiency. In addition, it helps to produce a more stable volt-
age. A one-way clutch or ratchet allows energy harvesting from the knee only
when the leg is extending. A controller measures the acceleration of the knee with
the aid of a potentiometer, so that it harvests only when the knee is decelerating,
which happens when the leg is almost fully extended. This regenerative braking
ideally helps the knee and should not increase the wearer’s energy consumption.
In reality, a mechanical generator still costs metabolic energy during the period
when the energy is not harvested. The energy harvester generates 4.8 W with only
5.0 W of additional metabolic energy cost. If the harvester harvests energy during
the acceleration period from forward motion, the metabolic cost would be several
times that of the harvested power [8].

Luciano et al. worked on a brushless electromagnetic generator to be embedded
inside a prosthetic knee [9, 10]. This research focused on the optimal combination
of the magnets and the coil. The generator has six magnets and one coil. As the
knee bends, the six magnets pass over the coil in sequence. Preliminary test results
at 1 Hz show 2 V peak voltage over a load of 1 M2, but average power is not pro-
vided [9, 10].

A knee-generator shown in Fig. 4 is based on piezoelectric bimorph cantile-
vers [11]. A bimorph generates maximum power when it oscillates at its resonance
frequency, typically ranging from several tens to hundreds of Hz, which is far
higher than the frequency of the knee motion. Plectra around the circumference
of the device actuate bimorph cantilevers at a higher frequency than that of the
knee motion. Simulations predict generation of up to 7 mW under steady walk-
ing. Theoretical and experimental results in [11] are based on a fixed resistor load.
Usable electrical energy is lower when the loss of the power management circuit
(for rectification and voltage regulation) is considered [11].

A dielectric elastomer is essentially a plate capacitor whose capacitance
changes with the distance between the two plates and distortion of the dielectric
material. Stretching the material converts mechanical energy into electric field
energy. A dielectric elastomer generator could be attached to clothing on the front

Fig. 4 Knee-mounted
piezoelectric generator
plucks multiple bimorphs to stator
operate at resonance [11].
(Reproduced with permission
from M. Zhu)

PZT bimorphs
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or back of the knee and cause very little discomfort to the wearer. Regular walk-
ing or running flexes the elastomer to generate electricity. The authors reported
10-50 pJ of energy harvested per knee extension [12].

2.3 Torso

Intensive research has been conducted on harvesting energy from human torso
motion during walking or running [13-15]. An electromagnetic generator was
developed to produce electricity from low-frequency human motion [13]. The
device, shown in Fig. 5, consists of a magnetic ball contained in a nonconductive
cage. A wire is wrapped around the cage, so that the moving ball induces AC volt-
age in the coils. The device can be placed anywhere on the human body such as a
backpack or a pocket. It was shown that two sets of coils close to the ends of the
cage (which is the right one in the figure) are more effective than one coil at the
equator (the left one in the figure). The optimal number of the turns, ball diameter,
and ball-to-cavity diameter ratio were determined for the particular test scenarios
[13]. The electromagnetic generator achieves a power density of 0.5 mW/cm?® with
optimal parameters, but efforts to make the generator smaller dramatically reduced
its power density [13].

Unlike the cage type, a linear electromagnetic generator shown in Fig. 6 has a
tube with wire coils and a free-sliding magnetic mass inside the tube. Either fixed
magnets or springs are attached at the ends of the tube, which make the sliding
mass to oscillate [14, 15]. Two prototypes were tested on a shaker and a torso. The
first prototype with fixed magnets at both ends generates 1.86 mW, while running
with an oscillation frequency of 2.75 Hz. The second with only one fixed magnet

Fig. 5 Two spherical
generator prototypes. The
equator-wrapped coil is

on the left and the offset-
wrapped coil is on the right
[13]. (Reproduced with
permission from D.P. Arnold)
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Fig. 6 Linear
electromagnetic generator to -———
convert kinetic energy into
electricity [14]. (Reproduced
with permission from Trans
Tech Publications) | PMMA
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generates 2.46 mW. One of the prototypes, the paper does not specify which,
attached to a torso generates average 0.9 mW for 1 h of walking, which is suffi-
cient to power a wearable wireless sensor node [15].

Fujita et al. investigated vibration energy harvesting from forward and back-
ward motion of the waist, wrist, and ankle using an electrostatic generator [16]. An
electrostatic generator is similar to a dielectric elastomer generator, where mov-
ing electrodes convert the motion into electric field energy between the electrodes.
Researchers mounted a prototype electrostatic energy harvester on the waist of a
user and logged the amount of energy harvested. Over the course of an 8-minute
walk across a college campus, the peak power was 0.5 nW, average power 61 pW,
and the total energy extracted 32 nJ [16].

2.4 Arm

The energy level from an arm varies greatly from finger movement to forearm
flexing. Typical arm movements are intermittent and low frequency, which neces-
sitate unique transducers [17-20].

The piezoelectric shell transducer in Fig. 7 was investigated to increase the
slope and magnitude of the generated impulse voltage. The piezoelectric shell
structure was formed by attaching PVDF film to a curved thin polyester film,
which provides a stiff structure for the piezoelectric shell generator [17]. As force
is applied to a shell structure, it resists bending until it reaches a point and then all
of a sudden bends quickly to generate a sharp impulse. A sharp impulse increases
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Fig. 7 Plastic shell with a
piezoelectric transducer [17].
(Reproduced with permission
from IEEE)

the peak voltage. A higher voltage, even if it may carry the same amount of energy
per pulse, reduces the power loss across diodes and resistance in the current path
[17]. Test results show that the shell structure generates a peak impulse of 30 V,
while a flat PVDF of only 5 V. When eight shell structures were inserted into
an arm-cuff worn around a person’s elbow, it exhibited peaks of 20 V, while flat
PVDF films caused only 10 V peaks.

Impact-based generators were also considered to sharpen the impulse and
increase the peak voltage. An impact-based generator moves a mass at a slow
speed, which strikes against piezoelectric transducers. The energy of the mov-
ing mass is transferred to the transducer in a short period and then the transducer
resonates after the impact. A mathematical model predicts that a 1 cm? device is
capable of generating 40 pW on the wrist of a walking person [18]. Renaud et al.
later presented a prototype generator consisting of two piezoelectric cantilevers, a
free-moving mass, and a case. Such a generator could be worn on a wrist to power
electronic devices. Electricity is generated by the impact of the mass on the pie-
zoelectric cantilevers at each end of the frame. The device generates 47 uW in a
resistive load at rotation of 30 rpm and 600 uW under 10 cm linear displacement
at 10 Hz [19].

A piezoelectric wire, often bonded to a flexible substrate, can generate elec-
tricity by stretching and contracting. A single wire generator (SWG) is a piezo-
electric wire manufactured on a polymer film. An SWG can harvest energy from
low-frequency deformation such as air flow and human motion [20]. Yang et al.
demonstrated SWGs harvesting energy from a finger and a live hamster. The
finger-mounted SWG produces peaks of 20 mV and 150 pA from minute finger
movements [20] (Fig. 8).
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Fig. 8 Using an SWG to harvest energy from a human index finger. a Mechanical design and
flexing. b Open circuit voltage [20]. (Reproduced with permission from American Chemical
Society)

2.5 Breathing

Chest expansion due to breathing provides a high amount of energy. An added
benefit of harvesting from respiration is that the frequency of input power is the
rate of respiration, which eliminates the need for a separate respiratory rate moni-
tor. Padasdao et al. demonstrated a prototype energy harvester strapped around a
chest. It converts chest expansion into linear motion initially and then into high-
speed rotational motion using a gearbox to drive an electromagnetic genera-
tor [21]. The generator is a modified servomotor, which includes a gearbox and
sturdy case. The concept of the approach is shown in Fig. 9. Chest expansion from
breathing pulls on the chest strap, which causes an electromagnetic generator to
rotate. The performance of the prototype was measured for normal, fast, and very
slow breathing. The electromagnetic generator produces 1.4 V peak to peak and
84.8 mA peak to peak or average power of 15 mW under the normal breathing
condition. The high rotational speed obtained with gears attributes high efficiency
to the prototype [21].

Shahhaidar et al. also developed a prototype energy harvester, where the
approach is essentially the same as in the above [22]. The prototype is composed
of two DC motors, a gearbox, springs, and a chest belt. The springs store energy
in each expansion and keep the belt tight when the chest contracts. Despite the

Fig. 9 Top view of chest and Rotational EM Generator

electromagnetic generator .

harvesting from respiration
[21]. (Reproduced with
permission from IEEE)

Chest Strap
T

xpansion
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gearbox, the generator suffers from low rotational speed and produces 100 mV at
the load. According to estimations, 0.2 Hz breathing can generate up to 30 mW.
The prototype presented was able to harvest 2 mW [22].

2.6 Body Heat

Human bodies lose a tremendous amount of energy daily as heat, but harvesting a
good amount of energy from body heat is challenging. The challenge stems from
the fact that temperature gradient between the body and the surrounding air is
small, typically 1°-2°. It is due to lack of air flow around the thermoelectric gen-
erator (TEG) worn on a body as well as a relatively small temperature difference
between the body and the atmosphere. A TEG converts thermal energy into electri-
cal energy because a temperature gradient applied to a p—n junction causes cur-
rent to flow due to the Seebeck effect. Energy harvesting research from the human
body focuses on three major areas: TEG design, low-voltage power electronics,
and system design [23-30]. This section covers only the system design.

Several research groups focused on TEG systems to test their effectiveness
and comfort for wearable electronics [25, 26]. Leonov et al. tested different
textile configurations and situations to measure the system performance [30].
Figure 10 depicts the four different textile configurations, in which the power
generated by a TEG (denoted as “1” in Fig. 10a) was measured. The configura-
tion in Fig. 10a has an inner TEG metal plate touching the wearer’s skin, and
an outside metal plate exposed to the outside air. It would be the most effective

Skin
Skin

c b

Fig. 10 Four different configurations to integrate TEGs in garments [30]. (Reproduced with per-
mission from IEEE)
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in terms of the temperature gradient, but least comfortable for the wearer. The
configuration in Fig. 10b covers the outside metal plate with cotton. This causes
only 5 % reduction in power, as long as there is no air gap between the cotton
and the TEG. The configuration in Fig. 10c adds a carbon fiber heat-spreading
layer between the cotton and the TEG. The carbon layer increases performance
by approximately 30 %. The configuration in Fig. 10d adds another cotton layer
between the skin and the TEG. It greatly increases comfort and completely hides
the TEG, but slightly reduces performance. Fourteen units adopting the second
configuration generated an average power of 4 mW while walking in a 17 °C
environment [30].

3 Implant Devices

This section reviews recent research activities on energy harvesting with implant
devices. Potential energy sources for harvesting include kinetic energy from
the human body, body heat, fuel cells, and ambient sources specifically solar. It
describes research activities for each energy source type in the following.

3.1 Knee

A knee can be exposed to force up to three times higher than the body weight [31,
32]. A typical transducer used for knee bending is a piezoelectric element or elec-
tromagnetic generator. Platt et al. investigated the use of three piezoelectric ele-
ments inside the orthopedic implants [31, 32]. A knee implant is shown in Fig. 11.
The femoral component is a highly polished hard surface attached to the femur.
Relative motion between the femoral and bearing surfaces allows the knee to func-
tion. The tibial tray supports a low-friction polyethylene bearing surface. Force
applied by the femoral component is applied to the bearing surface and then to the
three piezoelectric stacks on the distribution plate. When 900 N of force is applied
over one piezoelectric stack (whose dimension is 10 x 10 x 20 mm) placed inside
the prototype in a laboratory setup, it generates up to 1.6 mW of raw power, a total
of 4.8 mW for the three stacks. The height of the piezoelectric stacks is 20 mm,
which significantly increases the thickness of the tibial tray. Consequently, the
quantity of tibial and femoral bone loss also increases during a knee arthroplasty.
Almouahed et al. investigated a new generation of a knee implant shown
in Fig. 12 through modeling and experimental trials [33, 34]. The knee implant
is more sophisticated than the earlier one in the above, and it uses four smaller
piezoelectric elements of dimension 10 x 10 x 4 mm. The power generated is
estimated to be about 1 mW for a single piezoelectric element with 50 k€2 resis-
tive load, and the total power generated would be about 4 mW. Finally, Chen et al.
reported PZT ceramics (of dimension 5 x 5 x 18 mm) and an associated circuit
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Fig. 11 Knee implant with
three piezoelectric stacks
[31, 32]. (Reproduced with
permission from IEEE)
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Fig. 12 Knee implant with
four piezoelectric stacks
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applicable to orthopedic implants [35]. Four piezoelectric elements can generate
about I mW of power, which is sufficient to power a wireless monitoring system.
The above works adopt piezoelectric elements to generate electric energy from
knee bending [31-35]. Luciano et al. investigated use of a miniaturized electro-
magnetic generator shown in Fig. 13, which can be implantable in a human knee
prosthesis [9, 36]. Figure 13a depicts the upper portion of the knee (femur), in
which permanent magnets are installed. Figure 13b shows a coil at the top of the
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Fig. 13 Structure of the electromagnetic generator for knee prosthesis [9, 36]. (Reproduced with
permission from IEEE)
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Fig. 14 Pocket for the linear permanent magnetic generator [37]. (Reproduced with permission
from IEEE)

tibia or the lower part of the knee. When the knee flexes, the magnets move rela-
tive to and induce current in the coil. The system with a power conditioning circuit
produces output energy of about 22.1 wJ in 7 s for a gait frequency of 1.02 Hz
emulated with an electric motor.

3.2 Body Movement

Nasiri et al. investigated a linear permanent magnet generator implanted in the
abdominal muscles as shown in Fig. 14 [37]. The linear generator consists of
two layers of permanent magnets and one layer of coils. It generates power from
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Fig. 15 Electromagnetic
generator implantable in a hip
prosthesis [38]. (Reproduced
with permission from
Elsevier)
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multidirectional body movements. The generator was tested under different con-
ditions including movements at different frequencies and amplitudes, resonance
frequency test, and a walking test. The magnetic generator generates 1.1 mW of
power at the resonant frequency of near 0.3 Hz. The peak output voltage drops
from 1.5V at the resonant frequency to 0.7 V at 0.1 Hz and 0.9 V at 6 Hz. It har-
vested 9 mJ from 22.5 s of walking motion.

Morais et al. reported a nonlinear electromagnetic generator implantable in a
hip prosthesis [38]. As shown in Fig. 15, the generator consists of a Teflon tube
with one or two external coils and a neodymium magnet attached to a spring.
A magnetic brake is attached at the bottom of the tube to avoid collisions of the
magnet against the bottom of the Teflon tube itself. This device intends to harvest
energy from the human gait to power a telemetric system inserted in a smart hip
prosthesis implant for early detection of loosening and implant failure. The device
with a power management circuit is able to power the telemetric system for 9.2 s
after charging for 34.8 s from a walking speed of 1.3 Hz.

3.3 Heart

A system based on a piezoelectric generator is reported in [39], which harvests
energy from heartbeats to power cardiac implant devices. The output power fol-
lows the acceleration spectrum of heartbeats as shown in Fig. 16. The achievable
power level and design parameters are determined from a spectral analysis to
about 100 wW before electronics. The system is about 15 x 7 x 5 mm?, which fits
all the components as well as accommodates the proof mass travel range.

Martin et al. present a more comprehensive design, fabrication, and tests of a
microspiral-shaped piezoelectric energy harvester and its associated microfabri-
cated packaging that collects energy from ordinary blood pressure variations in
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Fig. 16 Simulated output power per gram of proof mass for a piezoelectric generator as the
transducer [39]. (Reproduced with permission from IEEE)
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Fig. 17 Schematic of the implantable packaged energy harvester scavenging energy from blood
pressure variation [40]. (Reproduced with permission from IEEE)

the cardiac environment [40], as shown in Fig. 17. A prototype of 10-um-thin
ultra-flexible electrodeposited micro-bellows (6 mm diameter, 21 mm? volume)
is a new type of implant packaging. It enables direct blood pressure harvesting
and permits high-efficiency energy transfer to a transducer operating in a quasi-
static mode and hence adaptable and unaffected by frequent heartbeat frequency
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changes. Spiral-shaped piezoelectric transducers are introduced for their flexibil-
ity and large incoming mechanical energy. Nontrivial optimal electrodes place-
ment and best spiral design parameters are studied and discussed. Three types
of spiral prototypes (11 mm? volume each) with double-sided microstructured
electrode patterns are presented and characterized. A power of 3 uJ/cm’/heart-
beat and a transduction efficiency of 5.7 x 1073 have been obtained for the best
design at 1.5 Hz.

An electrostatic generator harvesting energy from ventricular wall motion was
developed to power a cardiac pacemaker perpetually [41], and it employs a hon-
eycomb structure. A test setup was constructed with an accelerometer placed on a
dog’s heart. The same amount of acceleration sensed from the heart drives the gen-
erator. The dog’s heart beats at 180 per minute, and the average power recorded
for more than 2 h is 36 WW.

3.4 Artery

Potkat et al. investigated an implantable energy harvester from the expansion and
contraction of an artery [42]. A PVDF thin film embedded within a flexible, self-
curling medical-grade silicone cuff converts the expansion and contraction of the
artery into electrical energy. The cuff is rolled around a latex tube mimicking an
artery as shown in Fig. 18. A peak voltage of 1.2 V, a maximum instantaneous
power of 16 nW, and an average power of 6 nW were measured. The microfabri-
cated version of this implantable device would generate more than 1.0 pW for in
Vivo tests.

Fig. 18 PVDF thin film Ultra low power

energy harvester for the and high efficiency
artery [42]. (Reproduced with r'g energy storage,
permission from IEEE) N measurement, and

communication
circuitry

PVDF embedded
in a self-curling
silastic cuff
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3.5 Muscle

Lewandowski et al. reported an implantable piezoelectric generator to harvest
energy from muscles [43]. As shown in the conceptual block diagram in Fig. 19,
the device is attached in series with a muscle tendon. The system targets individu-
als with extensive paralysis, where the electrically stimulated muscle would not
interfere with natural muscle contractions or activities. Electrically stimulated
muscle contractions exert force on the piezoelectric generator producing a charge,
which is collected in energy storage circuitry and used to power the stimulator and
other loads. It is argued that the required power to artificially excite a muscle is
minimal in comparison with the power generated by the muscle and hence such a
device is justified. Experimental results indicate that a small PZT stack prototype
(5 x 5 x 18 mm?) generates 80 wW of power under application of force of 250 N.

3.6 Body Heat

Yang et al. exploited the thermal gradient between a skin surface and the inner
body and harvested thermal energy with an implanted TEG as shown in Fig. 20
[44]. They performed numerical simulations on three-dimensional bioheat transfer
of a human body with implanted TEGs in different depths and configurations.
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Thermocleetric generator

Fig. 20 Thermal energy harvesting with an implanted TEG and the model of a tissue [44].
(Reproduced with permission from J. Liu)

Fig. 21 Implanted

artificial accommodation
system within an eye [45].
(Reproduced with permission
from IEEE)

To increase generation of energy, they also proposed and evaluated several
approaches such that there is intentional cooling and heating of the skin surface.
In their in vivo experiment, a TEG was implanted in the abdomen of a rabbit. The
temperature difference stabilized at around 1.3° after 260 s with the TEG voltage
of about 5 mV. When the rabbit skin surface was covered with an ice water bag,
the temperature difference increased up to 5.5 °C and the TEG voltage increased
to 25 mV.

Nagel et al. investigated an implanted TEG to power an artificial accommoda-
tion system shown in Fig. 21 [45]. They considered characteristics of high-perfor-
mance thermoelectric materials and the temperature distribution within the human
eye to estimate power generated by a TEG as a part of the artificial accommo-
dation system. It is shown that power ranges from 4.96 wW in the worst case to
24.4 WW in the best case.
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3.7 Glucose Fuel Cell

A fuel cell is an electrochemical device that generates current through the reac-
tion of two chemicals flowing into it—the fuel on the anode site and the oxidant
on the cathode site. Implantable fuel cells that use glucose as a reactant are
probably the most studied biofuel cells, due to the high availability of glucose
in body fluids. Glucose fuel cells can be divided into two groups: (1) abiotically
catalyzed and (2) enzymatically catalyzed. The former group utilizes nonbiolog-
ical catalysts such as noble metals or activated carbon. The latter group, instead,
uses enzymes, such as glucose oxidase or laccase, as catalysts to enable the
electrode reactions. These devices are summarized in [46]. Figure 22 shows one
example of flow-through type fuel cells intended for blood stream implantation.
During in vitro experiments, glucose fuel cells abiotically catalyzed can generate
up to 50 pW.

(a)
L ]
Oxy en
gooe flow e Hydrophobic cathode
membrane
| I—

o [ Cathode

p—— Separator membrane
— Anode

Anode
Separator membrane

Cathode

Fig. 22 Simplified schematics of flow-through type fuel cells intended for bloodstream implan-
tation. a Fuel cell with hydrophobic cathode membrane. b Concentrically arranged fuel cell with
oxygen-selective cathode catalyst [46]. (Reproduced with permission from Elsevier)
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3.8 Inner Ear

Bandyopadhyay et al. investigated endocochlear potential (EP), the 70-100 mV elec-
trochemical biopotential inside the mammalian ear shown in Fig. 22 [47]. Due to the
anatomical constraints inside the inner ear, the total extractable power from the EP
is limited close to 1.1-6.25 nW. An nW boost converter is used to increase the input
voltage (30-55 mV) to a higher voltage (0.8—1.1 V) usable by CMOS circuits in the
sensor. The power management unit can sustain itself, and a duty-cycled ultralow-
power load while extracting power from the EP of a live guinea pig. The power man-
agement unit circuits have been implemented on a 0.18 pm CMOS process (Fig. 23).

3.9 Solar Energy

All the implant devices described above harvest human body energy, which comes
from the food intake. In contrast, solar energy is external and hence harvesting
solar energy does not affect the body. Outdoor solar energy provides the highest

Vip 70-100mV

Fig. 23 Endocochlear potential [47]. (Reproduced with permission from IEEE)
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Fig. 24 Solar energy harvester [48]. (Reproduced with permission from IEEE)
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power density among ambient energy sources, but the light penetration is greatly
reduced by the human body tissue. A solar energy harvester for implant devices
gathers the energy within the therapeutic window wavelengths, where the opti-
cal absorption is small [48]. Implanted subcutaneous photovoltaic cells shown in
Fig. 24 can harvest microwatts of power in bright ambient light condition [48].
Ayzian et al. present an energy-autonomous, photovoltaic-driven, and MRI-
compatible CMOS implantable sensor, as shown in Fig. 25 [49]. On-chip P +/N-
well diode arrays are used as CMOS-compatible photovoltaic cells to harvest
power from the light that penetrates into the tissue. In this 2.5 mm by 2.5 mm
microwatt integrated system, the in vivo physiological signals are first measured
by using a subthreshold ring oscillator-based sensor. The acquired data is then
modulated into a frequency-shift keying signal, and finally transmitted neuro-
morphically to the skin surface by using a pair of polarized electrodes.

Energy
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Transmission

ECG Receiver

CMOS Chip
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-
-
-
-
-
-
-
-
-
-

PV  Sensor Off-chip Polarized
Cells Circuit Transducer Electrodes

Fig. 25 A photovoltaic-driven energy-autonomous CMOS implantable sensor [49]. (Repro-
duced with permission from IEEE)
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4 Wireless Power Transmission to Implant Devices

Wireless power transmission to implant devices can rely on various means includ-
ing inductive link, RF transmission, infrared, and ultrasonic and is described in
this section.

4.1 Inductive Link

The use of inductive links to power implant devices has been actively investi-
gated in the past decade. An inductive link consists of two coils: a primary coil
and a secondary coil. The primary coil placed outside the body generates a vari-
able magnetic field, which causes the change of the magnetic flux for the second-
ary coil planted underneath the skin. Power is transferred wirelessly through the
body tissue. The ratio of the energy captured by the secondary coil to the energy
transmitted by the primary ranges between 0.01 and 0.1. The simplified model of
the inductively coupled system is shown in Fig. 26. The left side of this model
represents the outside components of the system and the primary coil, while the
right side includes a basic model of the implanted system. Here, R| represents the
parasitic resistance in the coil, C; is the tuning capacitance used to raise the coil
voltage, and Ry, is the load on the system. The primary coil L is driven by an RF
amplifier supplying current i; at frequency w.

Most inductive link works reported utilize frequencies of the order of a few meg-
ahertz or lower. This frequency range minimizes the power absorption by the tissues,
yielding higher transmission efficiency [50-52]. Sauer et al. in [50] present a telem-
etry chip shown in Fig. 27, which is powered by inductive coupling. The two coils
are used to transmit both power and data. The chip fabricated in 0.5 pm CMOS
technology supplies 1.7 mA at 3.3V, over a distance up to 25 mm between coils.

Lenaerts et al. investigated an inductive link to power a wireless camera capsule
for noninvasive visual inspection of the small bowel (small intestine) [51]. Up to
150 mW of usable dc power can be delivered to the capsule for the entire duration
of its travel along the gastric track. Figure 28 shows parts of the power receiver.
The outer dimensions of the power receiver compartment inside the capsule are
10 x 13 mm. The power efficiency of the link is measured to be 1 % under worst-
case geometrical conditions.

Fig. 26 Simplified model 1, e ' R
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oo {2 o

Fig. 27 An implant sensor system powered through inductive link [50]. (Reproduced with
permission from IEEE)

Fig. 28 The disassembled power receiver: three orthogonal coils and receiver electronics [51].
(Reproduced with permission from Elsevier)
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Fig. 29 Basic structure of the transcutaneous energy transmission system [52]. (Reproduced
with permission from IEEE)
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Niu et al. in [52] investigated a microelectromechanical system (MEMS)-based
spiral piezoelectric energy harvester, which harvests kinetic energy from patient’s
shoes during walking. The harvested energy supplies power to an implant device,
specifically an artificial heart, through inductive link as shown in Fig. 29. The reg-
ulated output power can reach up to 1 pW.

4.2 RF Transmission

Cao et al. investigated a device for gastroesophageal reflux disease (GERD) moni-
toring [53]. The conceptual design and sensor system are shown in Fig. 30. The
system consists of an implantable, batteryless, and wireless transponder with
integrated impedance and pH sensors. The transponder implant with the size of
0.4 x 0.8 x 3.8 cm harvests RF energy to operate dual-sensor and load-modula-
tion circuitry. The external reader can store the data in a memory card and/or send
it to a base station wirelessly. The device and system were tested at the bench, in a
mannequin and in live pigs, which demonstrates the functionality, feasibility, accu-
racy, and reliability in detecting various stimulated reflux episodes.

Faul et al. developed a wireless implant lens system powered by RF and is shown
in Fig. 31 [54]. The power for the implant system is derived from the 915 MHz RF
signal transmitted by the reader, and the RF signal is converted into a regulated DC
voltage with two-stage half-wave rectifier. A small antenna fits into an area less than
10 x 10 mm, and the system has an operating range of nearly 100 cm.
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= | — Bel
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Reader antenna

Fig. 30 Passive wireless system using dual sensors in a single capsule to monitor GERD symp-
toms [53]. (Reproduced with permission from IEEE)
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Fig. 31 External reader Human Eye
interfacing an intraocular
(implanted) intraocular
pressure sensor [54].
(Reproduced with permission

from IEEE)
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4.3 Infrared

Goto et al. exploited the infrared spectrum to transmit power to implanted devices
[55]. The device shown in Fig. 32 can supply power ranging from hundreds of
microwatts to a few milliwatts to implanted devices. When illuminated with the
power density of 22 mW/cm? for 17 min, the photodiode array generates sufficient
power for a 20 A cardiac pacemaker to operate for 24 h. The photothermal effect
at the photodiode array raises the temperature at the irradiated skin by 1.4 °C for
the power density, which does not pose any safety issues.
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4.4 Ultrasonic

Ozeri et al. considered ultrasonic traveling waves to transfer power toward
the receiver, whose energy is reconverted by the implanted receiver into elec-
trical energy [56]. The recommended operating frequency is 100-1000 kHz.
Piezoelectric generators convert the acoustic vibration energy into electrical power
for implanted electronics devices as reported by [57-61]. Kim et al. investigated
a piezoelectric energy harvester for low-frequency components of musical vibra-
tions [57], which powers a wireless interrogation device. The system operates in
two phases. A piezoelectric cantilever converts the sound vibration into electrical
power and charges a capacitor. The stored charge is dumped into an LC tank, forc-
ing it to oscillate at the resonance frequency and emit the energy to an outside
receiver. A prototype transponder shown in Fig. 33 was tested using a PZT can-
tilever with a mechanical resonant frequency of 435 Hz encapsulated in a glass
capsule (length = 40 mm, diameter = 8 mm) along with a rectifier circuitry and
a storage capacitor. RF pulses can be picked up at distances of up to 7 cm without
the tight requirement on alignment between the receiver and the transponder coils.

Shaul et al. proposed an ultrasonic transcutaneous energy transfer, which
uses an external transmitting transducer attached to the skin surface facing an
implanted receiving transducer [58]. The harvested power charges a capacitor dur-
ing the charging period until it reaches a DC threshold voltage. Upon reaching the
threshold level, the device starts to operate, while the capacitor being discharged.
The implant sensing system shown in Fig. 34 consists of a small (2.2 x 2.3 mm)
varactor, together with 10 turns of 30 gage wire wound over the implanted piezo-
electric transducer.

Anthony et al. present design and characterization of a MEMS-based energy
harvester with target applications including implanted biomedical sensors and
actuators [59]. The harvester converts ultrasonic waves from an external trans-
mitter to mechanical excitation and then the vibration of a central mass structure

PZT cantilever

Antenna/sensor

PDMS Membrane

Acoustic wave

/ Ferrite

Rectitying circuitry
RF radiation

Fig. 33 3-D drawing of implanted inductive pressure sensor with acoustic energy harvesting
[57]. (Reproduced with permission from IEEE)
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Fig. 34 Ultrasonic transcutaneous energy transfer system [58]. (Reproduced with permission
from IEEE)

Fig. 35 Ultrasonic
transcutaneous energy
transfer system [59].
(Reproduced with permission
from IEEE)

into electrical energy with an electrostatic transducer. The device features a novel
3 degrees of freedom design, which enables the harvester in any orientation to
produce energy. The harvester is fabricated using a conventional silicon-on-insu-
lator MEMS process. An example of the experimental setup is shown in Fig. 35.
The experimental results show that the system is able to generate 24.7, 19.8, and
14.5 nW via the device’s x-, y-, and z-axis, respectively, over 15 s.

Francesco et al. present the design of an ultrasound link for deep implanted
medical devices [60]. To avoid biological side effects such as cavitations, the oper-
ating frequency of 1 MHz is set for the system, and a class-E power amplifier as
the front-end circuit drives external transducers. A novel synchronous rectifier is
proposed to maximize energy extraction from the implanted transducer. The link
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efficiency is characterized in water for a transmitter—receiver distance of 105 mm,
and a system efficiency of 2.3 % is achieved without using any phantom material.
The link efficiency drops to 1.6 % when a phantom material is used.

5 Summary

The first part of this article reviews recent research activities on wearable energy
harvesters, in which the target energy sources are limited to human bodies. The
latter part of the article reviews the means to power implant devices. An implant
device can be powered by harvesting energy from the human body, ambient
sources, or through power transmission from external sources. Harvestable human
body energy includes voluntary motion, involuntary motion, and heat. Each type
of energy harvesting faces different technical challenges.

5.1 Energy Harvesting with Wearable Devices

Harvestable energy sources of a human body with wearable devices include foot,
knee, torso, chest, and body heat. A comparison of power harvested from dif-
ferent body parts or types of energy (kinetic and thermal) is shown in Table 1.
The power figure in the table is the maximum power obtained for each har-
vesting method, i.e., the highest power reported in a paper for the transducer
type. The table indicates that electromagnetic generators are most effective for

Table 1 Summary of human energy harvesting

Source Harvesting method Power
Foot Rotational electromagnetic harvester in heel [2] 1.8 W
Linear electromagnetic harvester in shoe [6, 7] 830 mW
Piezoelectric in heel [3-5] 8.4 mW
Piezoelectric in sole [3, 5] 1.3 mW
Electrostatic on ankle [16] 61 pW
Knee Electromagnetic deceleration only [8] 48W
Piezoelectric pinwheel [11] 7 mW
Dielectric elastomer [12] 25 uW
Torso Spherical electromagnetic [13] 1.44 mW
Linear electromagnetic [14, 15] 2.46 mW
Thermoelectric [30] 4 mW
Arm Impact-based piezoelectric [18] 40 pW
Chest Respiratory rotary electromagnetic [21] 15 mW
Wrist Thermoelectric [22-25] 250 pyW
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kinetic energy harvesting, followed by piezoelectric transducers of the order
of milliwatts and dielectric elastomers of the order of tens of microwatts down
to picowatts. Thermoelectric generator harvesting varies greatly depending on
the environment and application ranging from hundreds of microwatts to a few
milliwatts.

5.2 Powering Implant Devices

Implant devices can be powered through energy harvesting or transmission of
power from external sources. Harvestable energy sources to power up implant
devices include knee, heart, artery, muscle, body heat, and solar. Table 2 compares
the maximum power reported for each harvesting method. The piezoelectric har-
vesters seem most promising in terms of the power produced. In particular, the
harvesters in [31-35] generate power greater than 1 mW. However, these devices
intended for the knees require significant force to generate power. Electromagnetic
harvesters produce lower power than the above-mentioned piezoelectric devices,
but they do not require large forces, and hence are applicable for any body part.
The electrostatic harvesters produce much lower power than electromagnetic har-
vesters and are limited to low-power devices. Thermoelectric harvesters should be
implanted close to the skin surface, where the temperature gradient is large. Large
difference in the reported power is due to different sizes and thermal gradients
used for the testing.

Table 2 Comparison of various harvesting techniques for implant devices

Source Transducer Power Size

Knee Piezoelectric [31-32] 4.8 mW 10 x 10 x 20 mm
Piezoelectric [33-34] 7.2 mW 10 x 10 x 4 mm
Piezoelectric [35] 1 mW 5% 5x 18 mm
Electromagnetic [9,36] 2214

Body Electromagnetic [37] 1.1 mW 1.7 in3
Electromagnetic [38] 1.9 mJ 3.76 cm?

Heart Piezoelectric [39—40] 100 pW 15 x 7 x 5 mm
Electrostatic [41] 36 uW 50 x 30 x 30 um

Artery Piezoelectric [42] 1 uW

Muscle Piezoelectric [43] 80 uW 5 x5 x 18 mm

Body heat Thermoelectric [44] 25 mV 5x5x 10mm
Thermoelectric [45] 24.4 uW 58.9 mm?

Fuel cell Glucose fuel cell [46] 50 yW

Inner ear None [47] 1 uW 25 mm?

Solar Photovoltaic [48] 1 uW 25 mm?
Photovoltaic [49] 30 nW 2.5 x 2.5 mm
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Table 3 Comparison of various power transmission techniques for implant devices

Source Harvesting/Transmission method Power Size
Inductive link Coils coupling [50] 5.6 mW 0.1 mm?
Coils coupling [51] 150 mW 10 x 13 mm
Piezoelectric and coils coupling [53] 1 uyW
RF Transmission RF Transmission [53] 4 x 8 x 38 mm
RF Transmission [54] 10 x 10 mm
Infrared Photovoltaic [55] 46 mW 2.1 cm?
Ultrasonic Piezoelectric [57] 50 mV 8 x 8 x 40 mm
Piezoelectric and RF transmission [58] 50 mW
Electrostatic transducers [69] 20 nW
External transducers [60, 61] 25 mW 0.114 mm?

Implant devices can be powered up through various power transmission means
including inductive link, RF transmission, infrared, and ultrasonic. The delivered
power level of wireless power transmission methods is sensitive to the distance
between the transducer and the implant. Table 3 compares various methods cov-
ered in this article. The inductive link power transmission reported in [51] delivers
largest power, but its size is large. The infrared method may cause the skin tem-
perature to increase, which should be carefully examined for safety and long-term
effects. Overall, each method has unique characteristics and technical challenges
to address.

5.3 Final Remarks

Modern research in energy harvesting from the human body is a broad field and
is making steady progress in several areas. Most energy harvesting research focus
on increasing the power level to harvest, and it will continue and be accomplished
by improving transducers and power management circuits. Wearer’s comfort dur-
ing energy harvesting is another important topic for wearable energy harvesters.
Transducer design for comfort relies on flexible materials and unobtrusive hard-
ware. Increased comfort can also be attained by using wireless sensor networks
instead of wired sensors.

Implant devices will be pervasive as the wellbeing of humans becomes ever
important. Powering implant devices is a major issue for current and future
implant devices. Energy harvesting and wireless power transmission will be pur-
sued to address the problem. Another important issue for energy harvesters and
power transmission devices for implant devices is health hazard, and it should be
addressed before deployment of any such devices.
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